Abstract: Broadband absorber in the terahertz region (0.1-10 THz) has attracted considerable attentions due to its important applications in detecting, imaging, and electromagnetic stealth. Recently, terahertz absorber with broadband features has been widely investigated, however, the achievement of ultrabroad bandwidth is still challenging due to the limitations of complex structural design and fabrication processes. In this paper, an ultrabroadband terahertz absorber covering the entire terahertz regime (0.1-10 THz) based on the heavily doped silicon has been designed and fabricated, which is composed of double-layer binary gratings filled with the SU-8 photoresist. Antireflection techniques (SU-8 layer) were utilized to further promote the performance of the terahertz absorber at high frequencies through matching the impedance between free space and doped-silicon substrate. The measured absorption exceeding 87% within the frequency range of 0.3-10 THz has verified the proposed approach in designing the ultrabroadband terahertz absorber. Furthermore, the designed absorber remains high performance in the case of wide-angle incidence even up to 60°. Benefiting from the simple structure, the absorber is easy to be fabricated by common optical lithography. We believe that the results of this paper could broaden the application areas of terahertz absorbers.
Introduction
Recently, the terahertz wave with a frequency range of 0.1-10 THz has many unique advantages for spectral analysis, nondestructive detection, imaging and so on [1] - [5] . Benefitting from the newly emerging metamaterials, terahertz devices have spawned a series of significant applications, in which terahertz absorber has become the crucial component [6] - [10] . Since Landy's team firstly proposed the concept of electromagnetic perfect absorption in the microwave band based on artificial metamaterial in 2008 [11] , the metamaterial absorber has received extensive attentions and researches [12] - [15] . However, these metamaterial absorbers usually work at a narrow band, which is caused by their resonance features. Nevertheless, broadband feature is highly desirable in many applications including electromagnetic (EM) stealth, terahertz imaging and sensing [16] , [17] .
In the past decades, a lot of efforts have been made to break the bandwidth limitation [18] - [21] . Typically, the common approaches to realize the broadband feature are based on combining multiple layers [22] , [23] , constructing composite super-cell [24] as well as designing gradient-index antireflection coatings [25] , [26] . However, the absorbers based on these approaches above are always difficult to be fabricated and their absorption bandwidth was still limited. Recently, a better strategy based on engineering heavily doped silicon was proposed to fix the problem. When the working frequency is larger than the plasma frequency, doped silicon behaves as a highly lossy dielectric material [27] . Then, a lot of works based on heavily doped silicon experimentally verified broadband absorption in THz region [28] - [32] . Although previous works have significantly improved the absorption bandwidth, it is necessary and worthy to further investigate THz absorber covering the entire THz region with simple structure and easy fabrication.
In this letter, we engineered the structured doped silicon to obtain an ultra-broadband terahertz absorber. Furthermore, adding antireflection techniques into the doped silicon absorber forms a broader absorption bandwidth from 0.44 to 10 THz with the absorption exceeding 90%. The relative bandwidth reaches up to 183%, which is great larger than previous works engineering silicon or metal metamaterial. Benefiting from the simple structure, the absorber is easier to be fabricated than some previous designs such as sawtooth, trapezoidal and multilayered structures. At the same time, the absorber possesses large-incident angle absorption up to 60°. We believe that the ultra-broadband absorber could fill the gaps in the entire THz area.
Design and Simulation
The schematic diagram of the absorber is shown in Fig. 1(a) . The total thickness of doped silicon wafer we utilized in simulation is 647 μm, part of which is displayed in Fig. 1 . The magnified side and plan views of unit structure are demonstrated in Figs. 1(b) and (c). The absorber consists of double-layer binary gratings covered with dielectric material SU-8 in the steps and gaps. The SU-8 photoresist served as a refractive matching layer between the silicon slab and free space to reduce the reflection of the interface and further improve the absorption performance of the device. Both of the binary grating structures are aligned to the center of the unit structure, and their optimized geometric parameters are listed in Table 1 . To study ultra-broadband THz absorber, the finite integration technique (FIT) of computer simulation technology (CST) Microwave Studio has been utilized to replace the typical finite element method (FEM) because mesh masses were too large to be calculated in FEM simulation. The Et = 0 and Ht = 0 boundary conditions are applied in the x and y directions, respectively, while the top and bottom boundaries normal to the z-axis are set as open. The complex permittivity of SU-8 matching layer is 2.79+i0.31 [28] . Limited by computing capability in FIT simulation, only terahertz frequency band had been considered.
In the numerical simulation, the permittivity of Boron-doped silicon is described by a Drude model [33] , [34] :
where ε ∞ (= 11.7) is the dielectric constant of non-doped silicon. ω p is the plasma frequency defined by ω kg) is the free electron mass [27] , [31] . Since the static resistivity ρ is measured as 0.67 ·cm of doped silicon wafer by the four-probe method, the carrier density N c and carrier scattering rate γ were calculated using experimental results [27] , [35] as N c = 2.3 × 10 22 m −3 and γ = 16.5 THz in this paper. The absorption A can be calculated by where T and R are transmission and reflection of the absorber, respectively. The reflection, transmission and absorption spectrums in the simulation of this structure in the terahertz regime are given in Fig. 1(d) . It can be seen that the transmission is near zero and the absorption bandwidth with the absorption exceeding 90% covers the frequency range from 0.44 to 10 THz, and the absorption at the frequency of 0.1 THz is more than 50%. Thus, the simulated absorption bandwidth can cover the entire terahertz region of 0.1-10 THz.
Fabrication and Characterization
To prove the simulated results, a sample can be fabricated by common optical lithography processes. The flow chart of the device fabrication is depicted in Fig. 2 . The main preparation procedures and parameters of the device are introduced as follows.
A chromium film with the thickness of 100 nm is deposited on the cleaned silicon wafer by radio frequency (RF) magnetron sputtering as the hard mask for the second etching. To shape the double-layer binary gratings, a positive photoresist (AZ1500 38cp) with the thickness of 2 μm and the Cr film were utilized as the etch protection layer respectively. After two contact exposures at ultraviolet intensity of 2900 μW/cm 2 and corresponding developments, the non-graphic region appeared and was etched down 25 μm and 22 μm through the inductively coupled plasma (ICP) process, respectively. The high steepness of the grating structure is available due to Bosch process of ICP etching (protecting the sides with passivation gas to ensure steepness) [36] - [38] . Specially, the reasons for using Cr as mask instead of photoresist in the second etching are as follows. Compared to photoresist, Cr has the high etch selectivity due to its ignorable reaction with etching gas in the ICP etching process. On the other hand, due to the height difference of the structure, it is inevitable that the top step pattern cannot be covered completely by photoresist with enough etched thickness or the extra arc-shaped step would appear on the substrate after exposure and development. At the same time, another advantage is that even if the photoresist is not thick enough for the first ICP etching, the underlying Cr film can still serve as a mask to protect the area of bottom step intact. After removing the rest of Cr, a SU-8 dielectric layer with the thickness of 62 μm is spin-coated on the top of the structure. Specifically, in order to realize flatness and uniformity of the dielectric layer, it's necessary to utilize multiple spin coating method because of the great viscosity of SU-8. Figure 3 (a) is a stereogram SEM image of the sample without SU-8 colloid and Fig. 3(b) is a side-view of the absorber covered the dielectric layer. The steep gratings are aligned along the center, arranged neatly and without undesirable arc-shaped steps.
The sample is measured by a commercial THz time domain spectroscopy (THz-TDS, ADVAN-TEST TAS7400SP) with a frequency range of 0.1-1.5 THz. Fig. 3(c) shows the measured result at 15°of incident angle, which is the minimum incident angle of THz-TDS system for TE and TM polarizations. For a broader study of the THz properties, the sample is also characterized by a Fourier transform infrared (FTIR) spectroscope (Bruker v80) extended to THz range with no polarization. The measured absorption spectrum in the frequency range of 1.5-10 THz is presented in Fig. 3(d) using an 11°angle reflection accessory. From the spectrums, we can see that the absorber remains a high absorption exceeding 87% in the frequency range from 0.3 to 10 THz. The measured results agree well with the simulated results in all, which demonstrated the ultra-broad bandwidth and high absorption of the designed absorber. Note that there are also deviations between measured results and simulated results, which may derive from fabricated imperfection and accuracy of measured instruments. In fact, delicate differences in exposing, developing, and wet etching process would make deviations on structure parameters. And compared with previous works, the designed absorber here has obvious advantages on broadband (BW) and relative absorption bandwidth (RBW). To illustrate this point, a comparison chart of several characteristics of absorption and bandwidth was displayed in Table 2 .
Analysis and Discussion
In order to check the role of each component played in the formation of the ultra-broadband operation bandwidth, we also investigated the absorption of a bare substrate with a thickness of 647 μm, the THz. The black curve is the absorption spectrum of a bare doped silicon substrate with a thickness of 647 μm. The green curve is the absorption spectrum of one-layer grating structure. The blue curve is the absorption spectrum of the double-layer grating structure. The red curve is the absorption spectrum of the designed absorber with the SU-8 colloid covered on the whole surface.
one-layer, double-layer binary gratings without SU-8 colloid (structured silicon) and the proposed absorber (structured silicon with antireflective coating) as exhibited in Fig. 4 .
The black curve in Fig. 4 represents the absorption spectrum of a bare substrate in the terahertz band. It shows that the bare substrate doesn't have an ideal absorption because of the significant difference of permittivity in the interface between silicon slab and free space. The highest absorption of the substrate reaches only up to 71% at about 1 THz, and the absorption performance hardly changes with the frequency increasing. To illustrate the advantages of double-layer binary grating, we choose the best absorption result of one-layer grating (with height of 35 μm and width of 60 μm) to compare with the result of double-layer grating structure as shown in Fig. 4 . For 0.1-5 THz, the performance of double-layer structure with exceeding 90% absorption bandwidth from 0.77 to 5 THz and relative absorption bandwidth of 147% is obviously better than that of one-layer grating from 0.84 to 3.21 THz with the relative absorption bandwidth of 117% as shown in Fig. 4(a) . For higher frequency from 5 to 10 THz, the double-layer structure has a preferable absorption performance overall than one-layer structure as given in Fig. 4(b) . Therefore, we designed two-layer binary grating to obtain superior absorption performance. In order to further improve the absorption performance in the high frequency, SU-8 dielectric material is employed to cover the grating structure completely as an impedance matching layer to decrease the reflection of interface between the doped silicon and free space. On the other hand, the material loss of SU-8 also enhances the absorption in the high frequency. Based on the two reasons mentioned above, we found that the proposed absorber with SU-8 matching layer possesses higher absorption efficiency in the frequency range of 5-10 THz than structured silicon as indicated in Fig. 4(b) . Thereby, the absorption bandwidth can be expanded in the frequency range of 0.1-10 THz by designing structure on the silicon for 0.1-5 THz and adding the SU-8 matching layer for 5-10 THz.
In order to investigate the absorption mechanism of the absorber at different frequencies of absorption peak, the electric field distribution diagrams of three distinct absorption peaks at 0.65 THz, 2 THz and 3.63 THz are given in Figs. 5(a)-(c) , respectively.
When f = 0.65 THz, it can be seen that the electric field is localized in the gaps among the bottom and top gratings as illustrated in Fig. 5(a) . The absorption is mainly induced by the FP-type cavity mode resonance [39] , which is a strong coupling between the structure and the incident light. Most of the electric energy is transferred along the vertical direction in the dielectric material and dissipated by the substrate, and a little electric energy is located in the grating center and then gradually consumed by the substrate.
With frequency increasing, multiple order diffraction would occur, which enhanced the absorption bandwidth. The diffractions of the 0-, ±1-and ±2-order have been calculated using CST through Figs. 5(d) and (e). The gray zones represent the positions of absorption peaks corresponding to 0-, ±1-and ±2-order diffraction peaks, respectively. It indicates that the second absorption peak at 2THz is mainly devoted to 0-and ±1-order diffractions. For simplicity, we can calculate the structure of one-dimensional gratings with SU-8 (p = 100 μm, w 1 = 70 μm, w 2 = 45 μm, t 1 = 25 μm, t 2 = 22 μm, t 3 = 15 μm). Usually, the ±1-order diffraction angle can be calculated by the following equation [27] :
FEM as depicted in
When frequency is 2 THz, the refractive index of the doped silicon (n) is about 3.3 according to Drude model in CST. The incident wavelength in SU-8 is expressed as λ s , so the calculated ±1-order diffraction angle (θ) is about 15°. Theoretically, the effective impedance of the gratings and surrounded SU-8 can be obtained by the equation [40] :
where Z 0 is the impedance of SU-8 photoresist. The calculated Z eff is 0.55Z 0 according to Equation 4 . While in measurement, Z eff is described as:
where Z s is the substrate impedance, which is calculated by the equation:
So the Z eff is about 0.54Z 0 according to Equations 5 and 6, which is close to that in theory. Meanwhile, the frequency at the second absorption peak is very close to that determined by v s /(4t 2 ) = 2.04 THz, where v s is the speed of light in SU-8. Similarly, the third distinct absorption peak at 3.63 THz is mainly attributed to the 0-and ±2-order diffractions and the ±1-and ±2-order diffractions provide a weak absorption peak at 2.98 THz. Multi-order diffraction peaks are coincidence with the simulated absorption peaks at frequencies of 0.65 THz, 2 THz and 3.63 THz.
Moreover, the electric field is mainly concentrated in the grating center and transferred to substrate. Part of energy is transferred in the gaps and flowed to the grating center consequently. The SU-8 dielectric layer surrounding the gratings is equivalent to an impedance matching layer between the doped silicon and free space, decreasing the reflection of interface. Therefore, the enhanced multiple order diffraction and impedance matching resonance induced the strong absorption and broad bandwidth [41] . Highly efficient absorption would be achieved because most of the THz wave was dissipated by high-loss doped silicon substrate of sufficient thickness [42] .
We further investigated the influence of SU-8 thickness to the absorption performance. Figure 6 indicates that the increased thickness of SU-8 resulted in an obvious red shift for the absorption peaks especially at low frequencies as shown in the inset. As we prepared in Fig. 3(b) , the top SU-8 thickness of the sample is approximately 41 μm, and the initial frequency of absorption exceeding 90% is 0.3 THz, which is in accordance with the result in simulation when t 3 is 40 μm. By choosing appropriate parameters in spinning processes, the thickness of SU-8 can be easily controlled.
In practical applications, the incident THz wave is not almost normally impinging into THz devices. Therefore, we have to investigate the performance of the absorber in the case of oblique incidence. The simulated results using FEM in CST are displayed in Figs. 7(a) and (b) , considering the polarization modes of TE and TM. Due to the limitations in computing capability in FEM, only the absorption spectrums in the range of 0.3-4 THz have been calculated. For TE polarization, when the incident angle increases from 0°to 60°, the absorption of the device is gradually decreasing, as seen in Fig. 7(a) . When the incident angle changes within 45°, the absorption decreases a small margin. While the incident angle increasing to 60°, the absorption drops significantly. For TM polarization, when the incident angle increases from 0°to 60°, it can be seen that the absorption is gradually improving. Its maximum absorption efficiency nearly 100% perfect absorption. Therefore, for the TE polarization, the absorber can maintain efficient absorption within the incident angle up to 45°, and for TM polarization, the tolerance of incident angle is much better than TE polarization. It indicates that the absorber remains high performance in the case of wide-angle incidence especially for TM polarization.
Conclusion
In conclusion, we engineered the heavily doped silicon to realize an ultra-broadband THz absorber covering the frequency range from 0.1 to 10 THz. The antireflection techniques (SU-8 photoresist serving as a refractive matching layer) are utilized in the doped-silicon-based absorber to promote the performance of THz absorber. The measured absorption exceeding 87% in the frequency range from 0.3 to 10 THz has verified the effect of antireflection techniques. Moreover, the features of wide-angle and easy fabrication make the THz absorber potential to many applications. Therefore, the structured doped silicon accompanying antireflection techniques provides a promotion for broadband absorption in THz region. It is believed that the ultra-broadband absorber with the features of wide-angle and easy fabrication has potential applications in the fields of EM stealth, terahertz imaging and sensing.
